INTRODUCTION {#rrw065s1}
============

Micro-slit-beam radiation therapy (MRT) is a novel method of radiation therapy that involves irradiating tissue with arrays of parallel, narrow planes of synchrotron-generated X-rays \[[@rrw065C1]--[@rrw065C10]\]. The technique was first developed at the Brookhaven National Laboratory (Upton, NY, USA) \[[@rrw065C1], [@rrw065C2], [@rrw065C11]\] and the European Synchrotron Radiation Facilities (Grenoble, France) \[[@rrw065C12]--[@rrw065C14]\]. Laissue *et al*. \[[@rrw065C2], [@rrw065C13], [@rrw065C14]\] described surprisingly high tissue tolerances to multiple microbeams. In fact, tolerance was remarkably high even for developing tissues, which are well known to be radiosensitive. In MRT, highly directional and high-flux synchrotron radiation is spatially fractionated into quasi-parallel, microscopically thin, planar X-ray beams. Microbeams are usually reported to be 25--75 μm in width, with center-to-center (c-t-c) distances of 100--200 μm \[[@rrw065C1]--[@rrw065C3], [@rrw065C5]--[@rrw065C15]\].

Because MRT has only recently been developed, its mortality and toxicity with regard to irradiation of the central nervous system (CNS) has not yet been fully clarified. The tissue-sparing effect of X-ray microbeams was first evaluated by Slatkin *et al*. \[[@rrw065C1]\], who irradiated rat brains with synchrotron-generated planar microbeams. Their data demonstrated that there was no MRT-induced brain damage observed using 312--625 Gy entrance doses, even up to 4 weeks later; nor was there necrosis following entrance doses of between 312 and 5000 Gy \[[@rrw065C1]\]. To the best of our knowledge, there are no other reports evaluating mortality or neurotoxicity of MRT in normal (i.e. tumor-free) animals.

Extremely high-dose synchrotron beam irradiation can be generated using the 8 GeV beam of the SPring-8 facility. Since 2005, several studies using the SPring-8 synchrotron beam for MRT have been performed \[[@rrw065C16]--[@rrw065C19]\]. To further assess the toxicity of MRT, we evaluated mortality in normal mice after CNS-directed MRT.

MATERIALS AND METHODS {#rrw065s2}
=====================

Micro-slit beam generation {#rrw065s2a}
--------------------------

These experiments utilized the BL28B2 beam-line of the SPring-8 synchrotron (Hyogo, Japan), the details of which are described in previous studies \[[@rrw065C17], [@rrw065C19]\]. Briefly, the beam-line provided an X-ray beam with a continuous energy spectrum mainly distributed between 50 and 200 keV, a critical energy of 28.9 keV, and a peak of around 90 keV. The calculated energy spectra have been reported previously \[[@rrw065C18]\]. The air kerma rate, measured using a free-air ionization chamber, has been determined to be 120 Gy/s at the peak and 0.7 Gy/s at the valley \[[@rrw065C19]\]. Doses delivered to the position where the animals were placed were 96--960 Gy for MRT, and 24--120 Gy for BRT. A slit-beam collimator consisting of two tungsten blocks was used to enable modulation of the variable microbeam width (Fig. [1](#rrw065F1){ref-type="fig"}a). A tantalum shutter upstream of the collimator controlled the beam pass and irradiation time. Radiation was localized by setting anterior--posterior windows and utilizing either a broad beam (as is used for broad-beam radiation therapy; BRT) or a 10 × 12 mm unidirectional array of microbeams (25 µm width and spacing of either 100, 200 or 300 µm) (Fig. [1](#rrw065F1){ref-type="fig"}b--d). Fig. 1.Physical aspects of the experimental design. (a) A single-slit collimator which enables modulation of the peak width. Micro-slit beam dose distribution was confirmed using Gafchromic film. (b) Schematic view of the micro-slit beam dose profile in microbeam radiation therapy. (c) The total irradiation field of micro-slit beams from a 'beam\'s eye view'. The field size was about 12 mm wide and 10 mm high. (d) Schematic view of the irradiation geometry for broad and micro-slit beams.

Evaluation of the dose in the phantom {#rrw065s2b}
-------------------------------------

For assessment of delivered doses of the microbeam, we employed Gafchromic dosimetry HD-V2 (Lot No. A03141301, ISP Technologies, Inc., Wayne, NJ) and EBT3 (Lot No. A12141101) films. The HD-V2 film had a dose range of 10--1000 Gy, which was appropriate for measuring the peak dose; the EBT3 film had a dose range of between 1 cGy and 40 Gy, which was appropriate for valley dose measurement. To read the optical density of the films, a microscope with bandpass filters (used to enhance the dose response on the reading system) and a charge-coupled-device (CCD) camera was used. Given the peak absorption spectra of HD-V2 and EBT3 are \~670 and \~585 nm, respectively, we chose bandpass filters with peaks of 670 nm and 585 nm, and full-widths at half-maximum (FWHM) of 13 nm and 17 nm, for reading the HD-V2 and EBT3 films, respectively. The Qicam Fast 1394 (Qimaging, Surrey, BC, Canada) CCD camera gave a resolution of 1392 × 1040 pixels, with a pixel size of 4.65 μm in a 12-bit grayscale digital output. The images were acquired at × 20 magnification with an exposure time of 150 ms. Film was read \~24 h after irradiation, and analyzed using MetaMorph software version 6.2r6 (Molecular Devices, Sunnyvale, CA).

For testing, the films were inserted in a polymethylmethacrylate (PMMA) phantom, and microbeams with a 25-μm width and various c-t-c spacings were utilized to irradiate the phantom. The peak and valley doses at a depth of 1 cm in the phantom were evaluated. For dose evaluation, the films were irradiated in air, and the relationship between the radiation dose and the film optical density based on the known air kerma rate was determined. In the phantom study, the irradiation times of one microbeam for each film were determined by obtained calibration curves from previous assessments, and chosen so as to avoid film saturation. Each measurement was performed at least three times, and the mean values of these results were calculated.

MRT for animal experiments {#rrw065s2c}
--------------------------

Six-week old male C57/BL6J mice (*n* = 10 per group; CLEA Japan, Inc.) were used in this study. Each subject was completely anesthetized by intraperitoneal injection of pentobarbital sodium solution (6.48 mg/ml, 5--8 ml/kg), and then its head was secured in a fixed position via ear bars held in a stereotaxic frame (Narishige, Tokyo, Japan). Groups were monitored for mortality for 90 days after irradiation, and the mortality rate was plotted with Kaplan--Meier curves.

Immunohistochemical study {#rrw065s2d}
-------------------------

The mice that were evaluated for survival analyses after irradiation were carefully observed, and when a symptom believed to be caused by brain irradiation was noted, especially when subsequent deterioration occurred, the affected mouse was humanely sacrificed with an anesthetic overdose. Mice that survived for the 4-week observation period were euthanized at that time. Thus, the calculated mortality rate would not be affected by the tissue collection. The brains to be prepared for immunohistochemical study were removed from the euthanized mice and processed as described below.

The brains were perfused with normal saline, and then with 50--70 ml of freshly prepared 4% paraformaldehyde (PFA). Each brain was then carefully removed and postfixed in 4% PFA solution. After removal, the brain was embedded in paraffin and sectioned coronally at 8 µm thickness (i.e. perpendicular to the plane of the microbeam). The brains were evaluated histologically for morphological changes using hematoxylin--eosin (H-E), and for demyelination via Klüver--Barrera staining.

All experimental protocols were approved by the animal welfare committees of the Japanese Synchrotron Radiation Research Institute SPring-8 (Permission No. 2013B1315 and 2012B1451) and by the Institutional Animal Care and Use Committee (Permission No. A110902); all protocols were carried out according to the Kobe University Animal Experimentation Regulations.

RESULTS {#rrw065s3}
=======

Peak and valley dose evaluation {#rrw065s3a}
-------------------------------

We measured the peak and valley doses of microbeams with different center-to-center distances at a depth of 1 cm in the phantom. HD-V2 and EBT3 films were used for measurements of the peak (Fig. [2](#rrw065F2){ref-type="fig"}a) and valley (Fig. [2](#rrw065F2){ref-type="fig"}b) doses, respectively. The irradiating microbeam had a width of 25 μm, and the range of the beam spacing was between 50 and 300 μm. From the value of each peak dose and valley dose for the same center-to-center distance, the peak-to-valley dose ratio (PVDR) was calculated. The PVDR was essentially linear across the above-mentioned range (Fig. [2](#rrw065F2){ref-type="fig"}c). Fig. 2.The relationship between microbeam spacing and (a) peak dose, (b) valley dose, and (c) peak-to-valley dose ratio at a depth of 1 cm in a phantom. The microbeam width was 25 μm, and the spacing ranged from 50 μm to 300 μm. Peak and valley doses were measured using HD-V2 and EBT3 films, respectively. Each data point is the average of at least three measurements, and the error bars represent the standard deviation.

Mortality {#rrw065s3b}
---------

As shown in Fig. [3](#rrw065F3){ref-type="fig"}a, mortality within 90 days of using MRT (width/distance: 25/200 µm) was much lower than that for the same radiation dose using BRT. The LD~50~ and LD~100~ (50% and 100% lethal doses, respectively) using MRT were 600 Gy and 720 Gy, respectively, versus LD~50~ and LD~100~ doses of 80 Gy and 96 Gy, respectively, using BRT (Fig. [3](#rrw065F3){ref-type="fig"}a). Next, the mortality rates using MRT with various center-to-center distances were evaluated. Interestingly, mortality decreased with increasing center-to-center distances between 100 μm and 300 μm (Fig. [3](#rrw065F3){ref-type="fig"}b). Fig. 3.Mortality results. (a) Mortality of mice observed for 90 days after whole brain irradiation via broad or micro-slit beams. (b) Comparison of mortalities using microbeam irradiation with different center-to-center distances (100--300 μm).

Survival duration {#rrw065s3c}
-----------------

Survival durations after MRT or BRT were also evaluated. Using BRT, no mice survived for more than 20 days at doses of 84 Gy or 120 Gy (Fig. [4](#rrw065F4){ref-type="fig"}a). However, using MRT (width/distance: 25/200 µm), 80% of mice survived for 90 days at a dose of 480 Gy. Furthermore, no mice died at doses of 120 Gy or 360 Gy when using MRT (Fig. [4](#rrw065F4){ref-type="fig"}b). These data suggest that MRT was much less neurotoxic than BRT. Fig. 4.Survival durations following broadbeam and microbeam irradiation plotted on Kaplan--Meier graphs.

Cell loss and demyelination {#rrw065s3d}
---------------------------

The morphological effects of MRT (480 Gy) or BRT (120 Gy) were assessed using H-E and Klüver--Barrera staining (Fig. [5](#rrw065F5){ref-type="fig"}). After BRT, large numbers of neurons were lost, demyelination and partial cerebral hemorrhage were observed in the mice, and the maximum survival duration was 13 days (Fig. [5](#rrw065F5){ref-type="fig"}c and d). After MRT, neuronal cell loss corresponding to the micro-slit beams was observed without demyelination for the full 90 days (Fig. [5](#rrw065F5){ref-type="fig"}e and f). Cortical architecture was well preserved in MRT, whereas micro- or partial cerebral hemorrhage was seen in the specimens of the BRT group (Fig. [5](#rrw065F5){ref-type="fig"}c, d, e and f). Fig. 5.Histological analysis of cortical structure. Representative hematoxylin-eosin and Klüver-Barrera staining in (a, b) control sections; (c, d) sections taken 13 days after irradiation with a 120 Gy broadbeam; and (e, f) sections taken 90 days after irradiation with a 480 Gy micro-slit beam. All scale bars = 500 µm.

DISCUSSION {#rrw065s4}
==========

Radiation therapy plays a pivotal role in the treatment of many CNS tumors; however, whole-brain irradiation or partial high-dose irradiation (i.e. radiosurgery) can have adverse effects on normal brain tissue. Shibamoto *et al*. demonstrated that brain atrophy developed in up to 30% of patients after whole-brain irradiation (40 Gy in 20 fractions), but they also noted that it was not necessarily accompanied by mini-mental state examination (MMSE) score decreases \[[@rrw065C20]\]. Radiosurgery delivers higher doses (15--20 Gy in a single fraction) better localized to the tumors, though this method might cause radiation necrosis, a severe and irreversible complication. Multiple retrospective studies have reported rates of radiation necrosis ranging from 14% to 24% \[[@rrw065C21], [@rrw065C22]\]. Those studies determined that the rate of radiation necrosis was largely dependent upon the radiation dose and the irradiated volumes. Interestingly, although our use of MRT delivered over 10-fold more radiation than radiosurgery, MRT still did not induce radiation necrosis. This point alone seems to be a strong advantage of MRT over the previously mentioned radiation techniques.

Reduction of mortality, preservation of cortical architecture, and inducing factors following high-dose MRT are goals creating great interest in the development of novel experimental models in neurobiology. Unidirectional irradiation using microbeam arrays has confirmed the exceptional resistance of normal tissue to high doses of radiation in MRT \[[@rrw065C3]--[@rrw065C6], [@rrw065C10], [@rrw065C23]\], a radiobiological phenomenon referred to as the 'tissue-sparing effect'. This effect describes the preservation of the architecture of the tissues post irradiation. Multiple studies have demonstrated that the doses delivered to cells and tissues between the microbeams (the 'valley' doses) are probably the most important determinants of normal tissue damage in MRT \[[@rrw065C2], [@rrw065C4], [@rrw065C14], [@rrw065C23], [@rrw065C24]\]. For a given target, the valley dose depends on three main parameters: the microbeam width, the spacing between the microbeams, and the dose delivered along each microbeam. We showed that increasing the center-to-center space between the microbeams clearly improved survival of the irradiated mice (Fig. [3](#rrw065F3){ref-type="fig"}b). If the valley dose is reduced by increasing spacing between the microbeams, as would be expected, our data indicate that the center-to center space is a very important parameter for survival, at least in mice. The delivered dose was also found to be critically important, given the differences in mortality we saw when changing dose, but not beam width or distance (Fig. [3](#rrw065F3){ref-type="fig"}b). Not only are our data consistent with the previously reported findings, but they have clarified the relative importance of center-to-center beam distance and irradiated dose, both of which directly influence valley dose, as important and useful determinants of mortality in MRT. Because the valley dose is so difficult to measure accurately *in vivo*, measurements using phantoms or calculated values are important.

Assessments related to the valley dose or the PVDR are central to the understanding of MRT. Many studies have employed film measurements and/or Monte Carlo calculations for MRT dosimetry \[[@rrw065C18], [@rrw065C19], [@rrw065C24], [@rrw065C25]\]. Although film measurement is often used for MRT dosimetry because of its spatial resolution and convenience, it is noteworthy that errors in film measurement might be generated by several factors, including sensitivity differences, density--dose conversion curves, and reading procedures or conditions. For instance, we used two Gafchromic films with different sensitivities, bandpass filters, and a CCD camera for reading films. Crosbie *et al*. \[[@rrw065C24]\] used the same beamline as this study, two films (HD810, range: 10--400 Gy; EBT range: 0.01--8 Gy) and a microdensitometer. Their results indicated that the PVDR at 10-mm depth was \~67 for microbeams with a beam width of 25 μm and a center-to-center spacing of 200 μm. As shown in Fig. [2](#rrw065F2){ref-type="fig"}, the PVDR in our data was 39 under the same conditions, and was slightly lower than that reported by Crosbie \[[@rrw065C24]\]. This difference might be related to the procedure for reading the valley dose, given our use of similar films. Monte Carlo simulation is believed to be useful in calculating the theoretical dosimetric values in MRT, although reports have found discrepancies between the measured and calculated valley doses \[[@rrw065C19], [@rrw065C24]\]. In terms of the PVDR of a beam width of 25 μm and a center-to-center spacing of 200 μm, the values calculated by Monte Carlo simulation ranged from 29 to 53 in the 0--1 cm depth in previous studies \[[@rrw065C7], [@rrw065C11], [@rrw065C26], [@rrw065C27]\]. Thus, the methods of measurement and calculation of the MRT are still matters of debate, and more data or reports seem to be necessary to determine the best practices for MRT.

Radiation-induced vascular damage considerably influences the overall cerebral response to radiotherapy \[[@rrw065C28]\]. Vascular necrosis induces late, progressive and often irreversible changes in cerebral tissue. Macroscopically, MRT avoids radiation necrosis and preserves the architecture of the irradiated tissue, phenomena attributed mainly to the rapid regeneration of normal microvessels. Only a short segment of the microvascular bed receives an ablative dose, while the adjacent endothelial cells in the region around the valley dose receive just a few Grays, allowing for continuity of the vascular supply \[[@rrw065C5], [@rrw065C18], [@rrw065C23]\]. The natural repair of the normal microvasculature by migration of unaffected cells surrounding the microbeam paths is believed to be the mechanism underlying the high dose tolerance of normal tissue seen in MRT \[[@rrw065C8], [@rrw065C29]\]. Serduc *et al*. \[[@rrw065C29]\] published data from a glioma-bearing mouse model indicating that the mechanism of action of MRT did not involve a significant microvascular component. They postulated that tumor cell reduction, rather than a failure of endothelial cells to repair vessels, might be the principal mechanism in their mouse brain tumor model.

In conclusion, MRT is advantageous for delivering extremely high doses of radiation, while still preserving cortical architecture and minimizing neuronal death (and mortality). The valley doses, influenced by beam spacing and delivered dose, may be relatively important survival factors.
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